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A recent hydrogen–deuterium exchange study of folding of the GroEL/GroES-dependent bacterial
enzyme DapA has suggested that the DapA folding pathway when free in solution may differ from
the folding pathway used in the presence of the GroEL/GroES chaperonin. Here, we have investigated
whether DapA aggregation might be occurring in free solution under the conditions of the exchange
experiment, as this would confound interpretation of the pathway predictions. Dynamic light scat-
tering (DLS) data, sedimentation analysis and refolding yield indicate that signiﬁcant aggregation
occurs upon dilution of DapA from denaturant, bringing into question the earlier conclusion that
different folding pathways occur in the absence and presence of the chaperonin system.
 2015 The Authors. Published by Elsevier B.V. on behalf of the Federation of European Biochemical
Societies. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).A recent study of the GroEL/GroES-dependent substrate protein
DapA has suggested that its folding pathway inside the GroEL/
GroES chaperonin cavity may differ from that taken in free solution
[1] under so-called ‘‘permissive conditions’’ of low temperature
and concentration [2], where the protein can reach the native form
either inside the encapsulated chaperonin cavity or free in solution
[3]. This was based on pulsed hydrogen–deuterium exchange
experiments carried out at various times after initiating folding,
producing distinct patterns of deuterium incorporation in the
chaperonin reaction vs. under solution conditions. A conclusion
was drawn that chaperonin ‘‘conﬁnement’’ of the encapsulated
DapA mediates a different folding trajectory. Here we have studied
DapA under the conditions employed for folding in the published
study, 10 C and 2.4 lM ﬁnal concentration of DapA monomer,
and ﬁnd that the behavior of DapA in free solution under theseconditions is complicated by aggregation, as contrasted with
absence of aggregation in the presence of chaperonin. We conclude
that the exchange experiment cannot be interpreted as indicating
distinct folding pathways, because folding in solution under the
conditions of the study is a convolution of both folding to reach
the native state and misfolding that produces aggregation.
1. Materials and methods
Proteins: DapA was cloned into the NdeI and BamHI sites of pET
17b following PCR ampliﬁcation of Escherichia coli total DNA using
PrimeStar Max DNA Polymerase (Takara). Clones were sequenced,
and one with the correct sequence was transformed into
BL21(DE3) cells, grown in large volume at 22 C to an
OD650 = 0.8, induced with 0.5 mM isopropyl b-D-1-thiogalactopy-
ranoside (IPTG), and grown further overnight at 22 C. Cells were
harvested, resuspended in 20 mM Tris–HCl, pH 7.5, 1 mM DTT,
and disrupted by passage through a MicroFluidizer (Microﬂuidics).
After centrifugation to remove debris, the supernatant was applied
to a Fast Flow Q column (GE Lifesciences) in 20 mM Tris–HCl, pH
7.5, 1 mM DTT. The column was eluted with a gradient from 0 to
1 M NaCl in the same buffer. DapA-containing fractions were
Fig. 1. DapA aggregates upon dilution from denaturant directly into solution. DapA,
denatured in guanidine HCl, was rapidly diluted to 2.4 lM in refolding buffer at
10 C, and this solution was pipetted into a cuvette equilibrated at 10 C in the
sample compartment of a dynamic light scattering (DLS) instrument. Measure-
ments were taken at 5 s intervals for 5 min. The instrument software was used to
estimate the size (hydrodynamic radius) of the scattering particles from the
autocorrelation function at each acquisition point. These data are plotted vs. the
acquisition time, starting at 5 s after mixing. Data from two independent exper-
iments are displayed (black and turquoise circles). In another experiment, dena-
tured DapA was rapidly diluted (2.4 lM ﬁnal concentration) into a solution
containing 4.8 lMGroEL at 23 C. After 5 min, the solution was equilibrated at 10 C
and placed in the DLS instrument. Measurements were taken and analyzed as for
the dilution directly into solution (red squares). As controls, similar measurements
were carried out with native DapA tetramer (24 lM; green triangles) and GroEL
alone (4.8 lM; blue diamonds). Note that the estimated radii are averages
calculated from the data at each acquisition time. The scattering particles in the
direct dilution experiments were highly polydisperse, with average radii of 150–
180 nm. Those in the GroEL–DapA complex experiment were somewhat polydis-
perse, and those in the control experiments were effectively monodisperse. Average
hydrodynamic radii for these latter samples were: GroEL complex with DapA,
7.9 nm; GroEL, 6.8 nm; DapA tetramer, 3.3 nm.
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Sepharose column (GE Lifesciences). The column was eluted with
a reverse gradient from 2 to 0 M (NH4)2SO4, and the DapA-
containing fractions were pooled, concentrated, and dialyzed
against 20 mM Tris–HCl, pH 7.5, 100 mM KCl, 1 mM DTT (buffer
A). Aliquots were chromatographed on a 1.6  100 cm Sephacryl
S-200 column (GE Lifesciences) in buffer A. DapA-containing frac-
tions showed no contamination on SDS–PAGE. They were pooled
and concentrated using a Centriprep 30 ultraﬁltration device
(Millipore).
Wild-type GroEL, the GroEL trap mutant D87K, and GroES were
puriﬁed as previously described [4].
Dynamic light scattering (DLS): DLS experiments were carried
out on a DynaPro Titan temperature-controlled instrument (Wyatt
Technologies), ﬁtted with a 12 ll observation cuvette and con-
trolled by Dynamics 6.7.3 software. Laser power was set at 15%.
The instrument and cuvette were allowed to equilibrate at 10 C
for at least 30 min before adding samples and acquiring data. DapA
refolding in solution was initiated by rapidly diluting 2 ll of
240 lM DapA, denatured in 7.2 M GuHCl, 10 mM DTT, into
198 ll of refolding buffer (20 mM Tris–HCl, pH 7.5, 100 mM KCl,
10 mM MgCl2, 30 mM sodium pyruvate) at 10 C. An aliquot of
the refolding reaction solution (2.4 lM in DapA) was pipetted into
the observation cuvette immediately after mixing. Data acquisition
was initiated immediately, so that the ﬁrst data point was acquired
at 5 s after mixing. For all DLS experiments, the buffers and pro-
tein solutions, except the actual refolding reactions, were ﬁltered
through 0.22 lm centrifugal or syringe ﬁlters (Millipore) before
use, and all were examined in the DLS instrument to ensure that
no large scattering particles were present. For the GroEL-bound
DapA sample, denatured DapA was diluted as above into buffer
containing 4.8 lM GroEL, and an aliquot of the sample was exam-
ined after equilibration at 10 C. Both average intensity of scattered
light and autocorrelation data were generated at each acquisition
time, and the Dynamics software automatically ﬁtted the autocor-
relation data to produce estimates of the hydrodynamic radii of the
scattering particles at each data point.
Sedimentation analysis: Twenty microliter DapA, denatured in
7.2 M GuHCl/10 mM DTT, as above, was directly diluted 100-fold
into 2 ml refolding buffer equilibrated at 10 C to a ﬁnal concentra-
tion of 2.4 lM, as in the light scattering experiment, incubated for
30 min at 10 C, then centrifuged at 10 C for 10 min at
250000g (Beckman Type 70.1 Ti rotor). The protein concentra-
tions of aliquots of the supernatant were estimated using the Bio-
Rad Protein Assay reagent. These values were compared to those
produced by identically sized aliquots of 2.4 lM native DapA.
2. Results and discussion
When we diluted DapA from GuHCl to 2.4 lM in free solution at
23 C, we immediately observed visible cloudiness in the solution.
We therefore carried out the same dilution at 10 C, the conditions
of refolding in free solution used in the hydrogen–deuterium
exchange experiment [1], and monitored the solution using
dynamic light scattering. In particular, DapA was diluted from
GuHCl to 2.4 lM ﬁnal concentration in either free solution at 10 C
or into the same solution containing a 2-fold molar excess of GroEL
(Fig. 1). At the earliest measurable time following dilution of
unfolded DapA directly into solution (5 s), in two independent
tests, dynamic light scattering revealed the accumulation of parti-
cles of 150 nm diameter (Fig. 1). By contrast, no signiﬁcant light
scattering beyond that produced by the GroEL tetradecamer was
observed when DapA was diluted into a buffer with GroEL, consis-
tent with the chaperonin’s ability to efﬁciently bind the non-native
form(s) of substrate proteins and prevent multimolecularaggregation (Ref. [5] and Fig. 1). Additional control measurements
revealed that GroEL alone and native DapA tetramer exhibited only
the scattering appropriate for their molecular sizes (Fig. 1). We
examined light scattering of the solutionmixture at later times after
dilution of DapA from denaturant and observed the same light scat-
tering as during theﬁrst 5 min.We conclude that aggregationoccurs
under the conditions of folding in free solution at 10 C and 2.4 lM,
employed in the hydrogen exchange study.
To measure the fraction of DapA that aggregates in the light
scattering study, the refolding mixtures were sedimented after
30 min, maintaining the temperature at 10 C for both incubation
and centrifugation. Comparison of protein concentration of the
solution before and after centrifugation revealed that only
77 ± 3.4% (n = 4) of the DapA was recovered in the soluble fraction,
reﬂecting that 25% of the protein had aggregated. Such aggrega-
tion offers explanation for why recovery of native enzyme in free
solution is uniformly reduced relative to GroEL/GroES mediated
folding ([1] and Fig. S1).
The lack of concentration dependence of the rates of refolding,
as reported in [1], suggests that the non-native monomer of DapA
in solution is in equilibrium with an off-pathway monomeric state
(or states) that aggregates irreversibly. Such an off-pathway state
would slow folding relative to that at GroEL/GroES. Importantly,
the presence of such off-pathway states would also complicate
any attempt to use hydrogen exchange to resolve a folding trajec-
tory to the native state because they would be subject to exchange
and be analyzed along with the folding-competent states. The
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might be occurring by carrying out a ﬂuorescence correlation spec-
troscopy (FCS) study at 100 pM concentration. No self-association
of denatured DapA monomers in solution was observed [1], but
we note that this experiment was carried out at approximately
four orders of magnitude lower concentration than the conditions
of the folding experiment that were used for the hydrogen–deute-
rium exchange experiment and thus would not be able to inform
about the possible occurrence of aggregation at the higher concen-
tration (see Supplementary Discussion concerning behavior of
DapA monomer at low concentration).
In sum, then, it seems impossible to interpret the hydrogen–
deuterium exchange data from the earlier study as providing evi-
dence for a ‘‘conﬁnement’’ role of the GroEL/GroES cavity that
would alter the folding trajectory of the DapA protein. By contrast,
another study showed that the GroEL substrate, double mutant
maltose binding protein (MBP), which, like DapA, folds more
slowly in solution than at GroEL/GroES but fully reaches the native
state, also aggregates, and that when such aggregation is relieved,
the protein now folds in free solution at the same rate as at GroEL/
GroES [6]. As concerns folding in the GroEL/GroES cavity, we note
that a recent study of wild-type MBP shows that it rapidly col-
lapses upon dilution from denaturant, within the dead time of mix-
ing [7]. Such collapse likely also occurs for substrates released from
the GroEL cavity wall into the GroEL/GroES chamber, and this
would seem to obviate a need for ‘‘conﬁnement’’. By contrast, the
encapsulation of a collapsed monomer inside the GroEL/GroES
complex, an ‘‘Anﬁnsen cage’’ [8], ensures that, during folding, the
protein simply cannot aggregate with any other protein.
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